Electron diffraction patterns from single crystals are frequently modified by dynamical /i-beam effects. These phenomena are well-known from the complicated structures in convergent beam and Kikuchi diagrams near the intersection points of lines and within crossing bands as discussed in detail by many authors (e.g. 1-5 ), and in the fine structure of the diffraction pattern of a crystal wedge 6 ' 7 .
sions, the two-beam approximation becomes inaccurate. Furthermore, the diffraction with high voltage electrons up to 1500 -2000 kV becomes more and more dynamic as UYEDA 12 , HUMPHREYS 13 , AYROLES and MAZEL 14 pointed out. It is then necessary, by use of computer methods, to investigate more complicated n-beam interactions. The advantage of an analysis of n-beam interactions is the possibility of using the information from complicated diffraction phenomena. This was demonstrated, e. g., for a determination of the phase angles of structure amplitudes by KAMBE 5 , or for a refinement of structure potential determination by , GOODMAN and LEHMPFUHL 11 or for the evidence of Friedel's Law breakdown by UYEDA and MIYAKE 15 , GOODMAN and LEHMPFUHL 16 .
Theory
The diffraction of electrons in a perfect single crystal is described by BETHE'S formulation 17 . For the following we refer to LEHMPFUHL and MOLIERE 7 . We are concerned only with elastic scattering without regard to absorption. From Schrödinger's equa-tion one derives (l+<P0-&})y>g + Y<Ph (1) o cpg is the Fourier coefficient Vg of the potential divided by the accelerating voltage E and the Sg are the wave vectors of the crystal waves divided by the absolute value of the wave vector of the vacuum wave K = 2 Jij'A. The incident plane wave generates in the crystal Bloch waves being a superposition of plane waves. The wave vectors of the crystal waves are connected with the wave vector of the incident wave by the boundary conditions. These amount to the continuity of the tangential components of the wave vectors at the boundary as shown schematically in Fig. 1 . Se is a unit vector
The infinite system of Eqs. (1) can be reduced to a system of rt equations, if the geometrical conditions are such that only a finite number of interferences is excited. The results of our investigations will show that this treatment is correct. In the Laue case Eq. (4) can be simplified by neglecting r 2 against 2rßge.
Inserting (4) in (1) Bethe's equations can be written in matrix form: in the direction of the incident vacuum wave, Ne is a unit vector normal to the boundary, Bg = g-A a reduced reciprocal latice vector, and r is the difference between the normal components of the vacuum wave vector Se and the crystal wave vector S0. The wave vectors in the crystal are
Now we introduce the excitation error Qg which is in our notation ,off= Hl-(Se + Bff) 2 )~\Se\-\Se + Bg\.
This excitation error ,Qg is related to the common expression x used e. g. by HOWIE and WHELAN 10 (or W = x, respectively, by WATANABE, FUKUHARA and KÖHRA 18 ) by og = x-<pg. Using (2 a, b) and (3) we obtain
With ßge= (Se + Bg) 'Ne.
The system (5) has nontrivial solutions only if the coefficient determinant is zero. This condition is known as dispersion equation. Multiplying column and row by l/y2ßge, where (J is the index of the diagonal element of the column and row, respectively, so that the diagonal element becomes
we obtain an n-th order eigenvalue equation for T. The eigenvalues t; (i = 1, 2,..., n) determine the wave vectors of the partial waves in the crystal according to (2 a, b) and so they represent points on the dispersion surface, i is an index characterizing a wave field.
All waves xpg* that belong to one (j and to different indices i are superimposed and give rise to one diffracted plane wave Wga when leaving a parallel-sided crystal. They are separated, however, into different plane waves when leaving a wedge-shaped crystal. In the latter case the diffraction pattern displays a fine structure and each fine structure spot represents a point on the dispersion surface.
The comparison of the experiment with a dynamical n-beam calculation is difficult because the direction Se of the incident beam cannot be accurately determined experimentally. However, by rotating the crystal wedge while moving the photographic plate one obtains a photographical record of a section through the dispersion surface which may be easily compared with the calculation. The axis of rotation determines the section plane. By such a recording the influence of accidental excitations on an interference can be investigated. This shall be demonstrated by the well-known construction of the zone boundary is perpendicular to the drawing plane. If we rotate the crystal about the axis 0... G the excitation error for G remains constant. The crystal rotation is equivalent to a rotation of the vector Se about the axis 0 G as can be seen in Fig. 3 . Se generates a cone. We erect an oblique cylinder whose basis coincides with that of the cone and whose axis is parallel to Ne . Now it is easy to construct the diffraction pattern from a crystal wedge. On the exit surface the continuity of the tangential components of the wave vectors is again required by the boundary condition. The intersection of the cylinder with the dispersion surface is projected in the direction of Na -the unit vector normal to the exit surface -onto the spheres with radius | Sga | = 1 surrounding the reciprocal lattice points 0, G, etc. This fact can be analytically expressed by projecting the wave vector ' onto the photographic plate. Sffd is the normalized vacuum wave vector of the wave that leaves the crystal (with j SjfJ ( = 1), ßge and ßga are the projections of Se + Bg onto the normal of entrance and exit surface, respectively. These projections are recorded in a rotating crystal diagram when the photographic plate is moved simultaneously with the rotation. In order to compare the experiment with theory one has to calculate the intensities on the branches of the dispersion surface for each reflection. This can be done quite simply with a standard computer program solving an eigenvalue problem. Once the eigenvalues and eigenvectors for a given matrix are obtained the boundary conditions can be used to determine the amplitudes of the partial waves. In a first test the influence of accidental excitations on the 002 interference of MgO was investigated by recording a section through the dispersion surface near the [110] zone axis.
Experiment
The investigations were done with a MgO single crystal. The wedge -formed by two adjacent (100) faces -was obtained by cleaving. The crystal was mounted on a specimen holder which allowed a very precise adjustment with respect to the electron beam 20 . During small rotations, the movement of the crystal in a direction perpendicular to the beam Zeitschrift fiir Naturforschung 23 u, Seite 546 l>.
was less than ±0.5^. Fig. 4 shows the schematic diagram of the experiment. The electron beam could be focussed in the plane of the specimen with a focus diameter of 2 /x or on the photographic plate with a diameter of 10 -12 u. The smallest aperture of illumination was a»1.5 10~5 rad. The crystal was ad- and 002 as 002, 004 etc. remain constant. Thus the influence of systematic interactions cannot be revealed. In Fig. 6 we see the photographic record of a section through the dispersion surface in different reflections with 60.3 kV electrons. The scale indicates the intersection points of the Ewald sphere with the [110] axis. The position of the scale was determined by taking Kikuchi patterns before and after the rotation. As the excitation error £>002 stayed nearly zero the 002 reflection was recorded over the whole time whereas the other excited beams arose only in their corresponding phase of rotation. On the pattern one recognizes the influence of the accidental interactions on the shape of the dispersion surface. At G = 2, the interaction of 220 and 222 is very strong. 440 and 442 together with 222 and 224 become strong at G = 4. One can also see a deformation of the dispersion surface where G = 8.
Results
The photographs of the dispersion surface in different reflections were compared with ra-beam calculations. These were done with an ICT 1909 in a similar way as HOWIE and WHELAN 10 have shown using standard matrix methods. The eigenvalues and eigenvectors were calculated by the Jacobi method (RALSTON and WILF) 21 . 17-beam interactions were considered for 21 different directions of the primary beam. As mentioned above, the excitation conditions for all beams can be expressed by G and the excitation error of 002. From Fig. 5 we see that the excitation error is
The calculations were done for G = 1 + n • 0.1, n = 0, 1, ...,20, and Qoo-2 = The computer delivered the eigenvalues tj and the amplitudes of the crystal waves xp^. In order to compare with experiment one has to consider the projection of Sga from Eq. (6) on the photographic plate which is perpendicular to Se . This is equivalent to the multiplication of Sga by a vector A derived in the appendix.
In the calculation we used the structure potentials for ionized Mg and 0 determined by TOGAWA, TOKO-NAMI 22 and confirmed for 200 by GOODMAN and
The energy of the electrons was 60.3 keV. We considered the interaction of the 17 beams: TIT, TTL, TT3; 002, 000, 002, 004; 111, 111, 113; 222, 220, 222, 224; 33T, 331, 333. In Fig. 7 we show the plotter curve of the eigenvalues for different G values. This is a projection of the section through 17 branches of the dispersion surface. With these eigenvalues the intensities on the branches in different reflections were calculated. They can be compared with the experimental curves.
The projected region of the intersection with the dispersion surface was expanded by decreasing the rotation speed of the crystal so that G went from 1 to 3. In Fig. 8 a we show the photographical record in the 002 interference; the excitation error 0002 was always zero. In 8 b the calculated intensities exceeding a lower limit are plotted. The length of the rectangles indicates the square root of the intensities while their center determines the position. In the region 2 the influence of 220 can be seen, at G«2.5 the influence of 113 and 111, and on the calculated curve at GR;3.0 the influence of 331. Without accidental interactions one should expect two parallel lines having the same intensity. The exact coordination of photograph and calculation is complicated, because this pattern was obtained by rotating the crystal manually to avoid vibrations due to the motor and to increase the resolution. The differences of the intensities between experiment and calculation are probably caused by the absorption and especially the anomalous absorption. In Fig. 9 b the 220 reflection is recorded. We see a very good agreement between calculation 9 c and experiment. 9 a shows a section through the dispersion surface in a region far away from the [110] zone axis without accidental interactions. That is the shape of the dispersion surface expected from a two beam approximation.
In Figs. 10, 11 and 12 the photographical records in the 111, 111 and 002 reflections are shown. There is a qualitative agreement between experiment and calculation.
Remarkably, the results of an 8-beam calculation were found in good agreement with experiment as far as the strong beams 002 and 220 are concerned. For the weak beams, however, especially for 002 at G«1.5 and 2.2, the 17-beam calculation was necessary.
Summary
A photographical record of a section through the dispersion surface shows the influence of accidental interactions on a strongly excited interference. Such a diagram reveals the limits of interpretation of a diffraction pattern by the two-beam approximation. Now we understand that the determination of the absorption from half width measurement 23 applying a two-beam approximation can be disturbed by weak branches of the dispersion surface of a many-beam system.
We found that the profile of the section through the dispersion surface is not very sensitive to the structure potentials, which are chosen for the calculation. Indeed, there are very few characteristic features in the profile of the 220 interference depending on the structure potentials. For a full analysis, however, we have to introduce the absorption in a many-beam calculation.
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